Troponin C is the Ca2+-binding subunit of troponin in vertebrate striatd muscle. Binding of Ca2+ to troponin C is thought to induce a conformational change that triggers subsequent events in the initiation of muscle contraction. A molecular modeling study has proposed that, when EXPERIMENTAL PROCEDURES TnC12/49 cDNA was constructed from wild-type rabbit skeletal TnC cDNA (9) by first mutating the TGC codon ofCys-98 to the CTT codon of leucine. The AGC and ACA codons of Ser-12 and Thr-49, respectively, were then simultaneously mutated to the TGC codon of cysteine. Mutagenesis, bacterial over-expression, and purification followed methods as described (8).
separate from the helices D and A, thereby exposing a crucial interaction site for troponin I, the inhibitory subunit of boponin [Herzberg, 
Contraction of vertebrate striated muscle is regulated by
Ca2W and requires the regulatory proteins troponin and tropomyosin (1) . Troponin is composed ofthree subunits, the Ca2+-binding (TnC), inhibitory (TnI), and tropomyosinbinding (TnT) subunits. The crystal structure of TnC reveals a dumbbell-shaped structure, with the N-and C-terminal domains well separated by a central linking helix (2, 3) . Binding of Ca2+ to the low-affinity triggering sites (sites I and II) in the N-terminal domain of TnC is thought to induce a conformational change in TnC, whereupon changes in the interactions between TnC and TnI, TnI and actin, tropomyosin and actin, and myosin crossbridges and actin occur in succession (4) . The nature of this Ca2+-induced conformational change in TnC has been a subject of long-standing interest. By comparing the atomic structures of the Ca2+-free N-terminal domain to that of the Ca2+-bound C-terminal domain, Herzberg et al. (5) (9) by first mutating the TGC codon ofCys-98 to the CTT codon of leucine. The AGC and ACA codons of Ser-12 and Thr-49, respectively, were then simultaneously mutated to the TGC codon of cysteine. Mutagenesis, bacterial over-expression, and purification followed methods as described (8) .
Pyr-labeled TnC12/49 (Pyr-TnC12/49) was prepared by incubating TnC12/49 with N-(1-pyrene)maleimide (Molecular Probes) at a probe/protein molar ratio of 20:1 in a medium containing 5 M guanidinium chloride, 2 mM EDTA, and 20 mM Hepes (pH 7.5) for 6 hr at room temperature and then overnight at 40C. After quenching the reaction with excess dithiothreitol, the mixture was dialyzed against the reaction medium and then against 0.1 M NaCl/0.1 M Tris'HCI, pH 9.0, to convert the attached Pyr moiety from type I to type 11 (10) . The sample was finally dialyzed against 0.1 M NaCl/0.1 mM CaCl2/20 mM Hepes, pH 7.5, prior to measurements. The measured labeling ratio was 2.0 mol ofPyr per mol ofTnC12/49 by using E343 = 2.3 x 104 M-1-cm-1 for the Pyr moiety (10) and the Bradford method for measuring protein concentrations. The error in labeling ratios was estimated to be 410%o.
Dansyl (DAN)-labeled TnC12/49 (DAN-TnC12/49) was prepared by incubating TnC12/49 with N-iodoacetyl-N'-(5-sulfo-1-naphthyl)ethylenediamine (1,5-IAEDANS) (Aldrich) at a probe/protein molar ratio of 0.5:1 in a medium containing 0.1 M NaCl, 0.1 mM CaC12, and 20 mM Hepes (pH 7.5). The reaction was allowed to proceed at room temperature with gentle shaking for 4 hr. Excess dithiothreitol was added to Abbreviations: TnC, TnI, and TnT, the Ca2+-binding, inhibitory, and tropomyosin-binding subunits of troponin, respectively; 1,5-IAEDANS, N-iodoacetyl-N'-(5-sulfo-1-naphthyl)ethylenediamine; DAN, dansyl; DDP, N-(4dimethylamino-3,5-dinitrophenyl); Pyr, pyrene; RET, resonance energy transfer.
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. quench the reaction and followed by dialysis against the reaction medium. TnC12/49 labeled with both the DAN and the N-(4-methylamino-3,5-dinitrophenyl) (DDP) moieties (DAN-DDP-TnC12/49) was prepared by incubating DANTnC12/49 with N-(4-dimethylamino-3,5-dinitrophenyl)maleimide (Aldrich) at a probe/protein ratio of 5:1 in the above reaction medium for 5 hr at room temperature and then overnight at 4TC. The reaction was quenched and dialyzed against reaction medium. Measured molar labeling ratios for DAN-DDP-TnC12/49 were 0.4:1.5:1.0 (DAN/DDP/TnC12/49), by using E337 = 6000 M-l cm-1 for the DAN moiety (11) and E442 = 2930 M-1'cm-1 for the DDP moiety (12) .
Pyr emission spectra were recorded on a SPEX Fluorolog 2 spectrofluorimeter. Fluorescence decay curves were recorded on a modified ORTEC 9200 nanosecond fluorometer and analyzed by the method of moments (13) . The activities of unlabeled and labeled TnC12/49 in myofibrils were assayed as in ref. 6 .
RESULTS AND DISCUSSION
The emission spectrum of Pyr-TnC12/49 (Fig. 1A ) was recorded under the following three metal binding conditions: (i) the apo state in which none of the metal binding sites are occupied; (ii) the Mg2+ state in which the high-affinity sites (III and IV) are occupied by Mg2+, simulating the invivo relaxed state; and (iii) the Ca2+ state in which both the highand the low-affinity triggering sites (I and II) are occupied by Ca2 , simulating the in vivo contracting state. Whereas the emission <450 nm is characteristic of Pyr monomers, the broad band >450 nm arises from excited state dimers (exvcimers) formed when the two pyrene moieties are sufficiently close to each other (14, 15) . The results show that the intensity of the excimer band is relatively unaffected by the occupancy of the high-affimity sites by Mg2+ but decreases significantly when the low-affinity sites are occupied by Ca2+ . This suggests that, in the two Ca2+-free states (apo and Mg2+ states), the Pyr moieties are sufficiently close to each other to form some excimers, but, upon binding ofCa2+ to the low-affinity sites, the two cysteines and the Pyr moieties move away from each other so that the probability for excimer formation is decreased. The same results were obtained when Pyr-TnC12/49 was complexed with TnI ( Fig.   1B ) or with both TnI and TnT (Fig. 1C) qualitative evidence for an increase in the distance between the probes when Ca2+ binds to the triggering sites.
An attempt was made to estimate the actual distance change from the fluorescence decay data. The DAN-DDPTnC12/49 decay curves were subjected to method-of-moments analyses. The results show that, for the Mg2+ state, two lifetimes describe the decay adequately (Fig. 1B) In an approximate assessment of the validity of our assumption that K2 takes on the isotropic value of 2/3, the limiting emission anisotropy AO of DAN-TnC12/49 in the Ca2+ state was measured by extrapolation of the anisotropy decay curve (data not shown) to zero time. A value of 0.17 was obtained. For comparison AO values for DAN-TnC12 and DAN-TnC49 are both 0.18 (T.T., unpublished results). These AO values are considerably smaller than the theoretical maximum of 0.4, indicating that the orientation of the donor's transition moment is somewhat randomized within the probe's excited state lifetime. By using equations in Stryer (16) , the uncertainty in the calculated distance was estimated to be 32% when only randomization of the donor transition moment was taken into account. Since both probe attachment sites were chosen to have exposed environments, the acceptor is likely to have some flexibility, so that this uncertainty can be expected to be smaller when randomization of the acceptor orientation was taken into account. This, however, could not be assessed directly since the DDP moiety is not fluorescent.
Values of AO for DAN-TnC12/49 in the apo and Mg2+ states were measured to be 0.18 and 0.19, respectively, similar to that in the Ca2+ state. This indicates that the degree of probe transition moment randomization is independent of metal ion occupancy state, so that our observed changes in the energy transfer efficiency and the calculated distance are not likely to be due to changes in the magnitude of K2. We found that unlabeled TnC12/49 and all the labeled TnC12/49 molecules were capable of regulating myofibrillar ATPase activity in a Ca2+-dependent manner (Fig. 3) , indicating that neither the mutations nor the labeling have any major deleterious effects on the activity of TnC.
The distances obtained here may be compared with those obtained by crystallography and molecular modeling. The crystallographic atomic structure of TnC with only the highaffinity sites occupied by Ca2+ shows that the distance between the a-carbons of residues 12 and 49 is 21 A ( (5) that Ca2+ induces a movement of helices B and C away from helices D and A in the N-terminal domain of TnC. Fujimori et al. (7) have found that a genetically engineered salt bridge that can be expected to inhibit partially the occurrence of this Ca2+-induced movement reduced the Ca2+ affinity of the triggering sites, a finding that is consistent with the hypothesis. Grabarek et al. (6) have shown that a genetically engineered disulfide bond that can be expected to inhibit totally the proposed movement abolished the activity ofTnC. Thus, all the current findings indicate that the Ca2+-induced conformational transition proposed by Herzberg et al. (5) does occur and that this conformational transition is essential for the regulatory function of TnC.
